Introduction {#sec1}
============

The regulation of function of membrane peripheral protein complexes is achieved largely by the mutual interactions between the multiple proteins/protein domains involved, but may be heavily influenced also by the interactions the proteins make with the membrane. While the former can be characterized, in part, by experiments in solution, resolving the structure of a protein complex at a membrane remains a formidable challenge experimentally, given the nature of interactions involved. Recently, techniques such as cryoelectron microscopy, solution NMR with nanodiscs, and electron paramagnetic resonance (EPR) as well as fluorescence correlation methods of proteins bound to liposomes are advancing the characterization of the interfaces, of the orientation, and of the dynamics of peripheral membrane proteins at membranes.^[@ref1]−[@ref5]^ However, computational methods, such as dynamics simulations, are becoming particularly powerful in modeling the structures of proteins at membranes.^[@ref6]−[@ref9]^ In this study we apply this latter approach, specifically all-atom molecular dynamics (MD), to our knowledge for the first time to an oligomeric Ras--effector protein complex at a membrane.

Members of the Ras family of small GTPases are anchored to the intracellular leaflet of the plasma membrane and are a key regulator of cellular signal transduction: they convert signaling inputs from multiple transmembrane receptors to downstream activation, typically of kinases, eventually reaching and activating transcription factors in the cells' nucleus.^[@ref10]^ Signal transmission is achieved by the activation of Ras, converting it from Ras.GDP (inactive) to Ras.GTP (active) with the help of Guanine Nucleotide Exchange Factors, or GEF proteins. Activated Ras triggers downstream signaling through several pathways, including the Raf-MEK-ERK cascade. Oncogenic mutations, which usually result in permanently activated Ras and its persistent binding to Raf, lead to severe cellular dysfunction. Importantly, ∼20--30% of all human cancers harbor an oncogenic Ras mutation.^[@ref11],[@ref12]^ Strategies that aim to disrupt the several steps which are required for Ras function, most notably drugs that interrupt the Raf--Ras interaction, are being developed in the recent five years and are expected to be promising therapies in cancer treatment.^[@ref13]−[@ref15]^

Downstream effectors such as Raf and PI3K interact with Ras.^[@ref16]^ In the present investigation we studied the conformational and orientational dynamics of the C-Raf^RBD-CRD^--K-Ras complex bound to a membrane model. That the [R]{.ul}as [B]{.ul}inding [D]{.ul}omain, or RBD (res. 56--132 of C-Raf), makes direct contacts with the membrane-bound Ras is well established, and structures for complexes of Raf with the K-Ras4B homologous Rap1A and H-Ras GTPase have been presented.^[@ref17],[@ref18]^ There is as yet no study that clearly shows a direct interaction between Ras and the [C]{.ul}ysteine [R]{.ul}ich [D]{.ul}omain, CRD (res. 138--187) which follows the RBD in the sequence of C-Raf, although a number of studies have indicated such interactions.^[@ref19]−[@ref22]^ In addition, the CRD was also identified as a membrane binding protein, especially for the lipid headgroup of phosphatidic acid (PA) and phosphatidylserine (PS).^[@ref23]−[@ref25]^ It has long been known that in most cases membrane localization is required for Ras activity. Specifically, the membrane helps to locally concentrate Ras proteins and likely directs Ras oligomerization, Ras cluster formation as well as association with other proteins, including Raf.^[@ref26]−[@ref28]^ Recent experiments as well as computer simulations have shown that the cell membrane determines the orientational preference of Ras relative to the membrane,^[@ref4],[@ref29]−[@ref31]^ which is predicted to have an effect on Raf--Ras recognition. Despite the many studies on the interactions of isolated Raf or Ras domains with the membrane, a biophysical-structural study of Raf--Ras as a protein complex at the membrane has not yet been reported, neither with experimental nor computational methods.

How are Raf--membrane, Ras--membrane, and Raf--Ras interactions integrated together in order to determine the structural features and function of the Raf--Ras complex at the intracellular membrane leaflet? In the present research, computational studies provide a powerful avenue for the detailed studies of the structure and dynamics of the C-Raf^RBD-CRD^--K-Ras4B complex at the membrane.

Results {#sec2}
=======

Configurations of C-Raf {#sec2.1}
-----------------------

We performed five independent all-atom MD simulations of a membrane-anchored complex of C-Raf^RBD-CRD^--K-Ras4B for 1 μs each ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Before this, we first examined the configurations of an isolated C-Raf^RBD-CRD^ (denoted C-Raf from now) in solution with three independent simulations of 1, 0.5, 0.5 μs each ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The configurations sampled a few major clusters ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--c; [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Overall, the CRD samples a wide configurational space relative to RBD, suggesting a large flexibility of the linker between the two domains. But it is noticeable that the CRD cannot reach the β-sheet surface (β2, β1, and β5) and the region (α1 and β2) of the RBD that is used for Ras binding. Therefore, none of these C-Raf configurations are likely to have major clashes with the binding of K-Ras. The program FPModeller^[@ref32]^ independently predicts a similarly wide configurational space of C-Raf and similar excluded regions, by rotating residues in the linker (132--137) ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). The interdomain linker is short and this makes it easy for the CRD less to access the distal α1−β2 region of the RBD. However, there is also a mismatch in surface electrostatic potential between these regions (of the α1−β2 region as well as the β2−β1−β5 region) with the CRD surface, making such configurations unfavorable ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, lower). In contrast, interactions between the CRD and the RBD loops between β4 and α2, β3 and α1 as well as between β1 and β2 of the RBD are occasionally established ([Figure S1c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)), which contribute to the higher population of configurations, denoted Cluster \#1, Cluster \#2, and Cluster \#3 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).

![C-Raf^RBD-CRD^--K-Ras4B complex at a mixed membrane consisting of 80% POPC and 20% POPS. The K-Ras4B protein consists of the globular, catalytic domain (CD, res. 1--166) and the largely unstructured hypervariable region, HVR (res. 167--185). C-Raf comprises the Ras Binding Domain, RBD and Cysteine Rich Domain, CRD, connected by a short linker (res. 132--137). Proteins shown as mainchain cartoon; K-Ras (blue); RBD (orange); CRD (red); small molecules/ions as space filling: farnesyl group (gray); GTP (purple); Zn and Mg (tan); shown as lines: linker region (blue); HVR (green), membrane (blue); water (light cyan).](oc-2017-00593z_0001){#fig1}

![Configurations of C-Raf^RBD-CRD^ (C-Raf) in solution. (a) Starting structure. (b) Clustering of configurations with an RMSD cutoff distance of 5 Å, (c) representative configurations superimposed on RBD (pointing away from observer). Clusters \#1--4 are shown (for other clusters, see [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Surface electrostatic potential of domains (in configuration as seen in a), rotated by +90° around *z*.](oc-2017-00593z_0002){#fig2}

When bound to membrane-anchored K-Ras4B, the configurational flexibility of C-Raf is largely preserved ([Figure S2a--b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Configurations are comparable to the configurations of an isolated C-Raf, although the populations of the different configurations are changed to different extents ([Figure S2c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). In addition, the radius of gyration of the two domains of C-Raf is more extended when bound to membrane-anchored K-Ras4B ([Figure S2d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). These differences reflect the additional interactions of C-Raf with K-Ras4B as well as those of C-Raf CRD with the membrane.

Interaction of C-Raf with K-Ras4B {#sec2.2}
---------------------------------

The C-Raf--K-Ras4B interactions are mostly confined to those that are known from the C-Raf^RBD^--H-Ras crystal structure,^[@ref18]^ and this interface is highly persistent in the simulations. The β-sheet interface is established between residues 65−70 of the RBD and residues 37−39 of K-Ras4B ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Outside these regions additional contacts K84:E31/D33, V88:I21/Y40, and R89:D38/S39/Y40 are seen between the RBD and K-Ras ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Overall, these detailed protein--protein contacts are in close agreement with the interactions seen in the experimental structure.^[@ref18]^ There is indirect evidence suggesting that the switch regions (I or II) of Ras may directly interact with the CRD.^[@ref21],[@ref22]^ Specifically, an NMR study reported interactions of the N-terminal region of Switch-I and the C-terminus of farnesylated H-Ras with the CRD.^[@ref21]^ Our studies did not show the CRD in contact with the K-Ras switch-I region, because in our case it is already occupied by the tight binding RBD ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The interactions between the CRD and the switch II region of Ras.GTP were also not observed in any of the five simulations ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). To examine this issue, we performed one additional simulation (\#6) by placing the CRD in the proximity of the switch II region. However, over the course of the simulation the CRD gradually moved away from this region ([Figure S3c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Experimentally, the binding of the RBD or of the CRD to Ras was measured separately in the literature. We suggest that when RBD and CRD are linked, the CRD has a low potency for Ras binding at switch II, as the CRD needs to orientate itself, relative to the switch I bound RBD. This is only possible by configurations that were not seen/are unfavorable in sampling of the unbound Raf (distal α1−β2 region of the RBD, as discussed above). In a competition the RBD has a much greater advantage compared to the CRD for binding to Ras, given a *K*~d~ of 20 nM for the RBD versus an approximately 5.5 times weaker affinity for CRD (measured for H-Ras).^[@ref33]^ Essentially, the CRD is engaged in a variety of competitive interactions among CRD-RBD, CRD-Ras, and CRD-membrane contacts, with the latter probably being the most favorable.

![Membrane binding dynamics of the C-Raf--K-Ras4B complex. (a--b) Time evolution of the distance of the center of K-Ras4B CD2 (residues 87--166) or the center of C-Raf CRD to the membrane center. Snapshots taken at various time points from (c) simulation \#1 and (d) simulation \#3. Color scheme is the same as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} except POPC is in cyan, and POPS is in purple.](oc-2017-00593z_0003){#fig3}

The K-Ras4B Catalytic Domain and the C-Raf CRD Interact with the Membrane in a Dynamic Manner {#sec2.3}
---------------------------------------------------------------------------------------------

Both the K-Ras4B catalytic domain and the C-Raf CRD region are able to contact the membrane in the simulations, but, when bound together as a protein--protein complex, do so in a dynamic way. For convenience of analysis, the K-Ras4B catalytic domain (CD) is further divided into two parts, i.e., CD1 or lobe1 containing residues 1--86 (containing P-loop, switch 1, switch 2, and the Raf RBD-binding interface of Ras), and CD2/lobe2 with residues 87--166 (containing helix 3, 4, and 5).^[@ref34]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} depicts the time evolution of the distance of the K-Ras4B CD2 or C-Raf CRD to the membrane center for simulation \#1 and \#3 (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf) for others). In simulation \#1 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,c), the K-Ras4B catalytic domain binds to the membrane for the first time during the early 100 ns, but later it undergoes a few dissociation--association events. In comparison, the CRD gradually and spontaneously moves toward the membrane in the first 400 ns and remains bound to the membrane in the next 600 ns. In simulation \#3 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,d), the K-Ras4B catalytic domain reaches the membrane first at ∼100 ns. However, along with the movement of the CRD toward the membrane at ∼350 ns, the K-Ras4B catalytic domain then moves away from the membrane. Later, the positions of both K-Ras4B and CRD undergo several fluctuations. Simulations \#2, \#4, and \#5 show a range of similar scenarios ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Overall, except for the CRD in simulation \#1, perhaps, the membrane contacts of K-Ras4B or CRD are not highly persistent but are dynamic in nature (see discussion regarding convergence and optimal contacts below). This differs from previously reported situations when isolated K-Ras4B (and also K-Ras4A) are placed at a membrane with the same concentration of POPS lipid molecules, where K-Ras is mostly bound to the membrane, detaching less frequently.^[@ref30],[@ref31]^

Interface of K-Ras4B--Membrane Interaction in the Presence of C-Raf {#sec2.4}
-------------------------------------------------------------------

Residues involved in contacting the membrane are plotted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b for K-Ras4B and C-Raf separately as a function of sequence and as averaged over the five simulations. For the catalytic domain of K-Ras4B, the membrane interacting residues belong mostly to helix 3 and helix 4, less so to helix 5 and a small loop segment between β2 and β3 (res. 43--50, loop 3). These interface residues establish the two dominant orientations of K-Ras at the membrane (O3 and O4V; numbering with reference to our previous study.^[@ref31]^ see also [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). In one orientation, helices 3 and 4 are bound to the membrane; in the other one, the loop 3, and partly helix 5 are the membrane interacting regions. For an isolated K-Ras, the O3 and O1 orientations (where β1-β3 associates with the membrane) are the dominant orientations.^[@ref30],[@ref31]^ When bound to C-Raf, the O1 orientation is completely abolished, as the corresponding β1−β3 interface of K-Ras, also containing switch I, is now strongly bound to C-Raf. Therefore, O3 becomes the dominant orientation for K-Ras in complex with C-Raf at the membrane. Additionally, the membrane association of the CRD, in some cases, also brings the K-Ras loop 3 close to the membrane, resulting in the popularity of a variant of a previously characterized orientation, O4 (here denoted O4V). As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, a modest clustering of anionic POPS lipid molecules is observed under and around the C-Raf--K-Ras4B complex (especially under the GTPase). On average, 18% of the POPS are distributed within 2.5 nm of the center of K-Ras4B CD1 (accounting for ∼13.6% membrane area). Such clustering is expected to enhance the binding of K-Ras to the membrane.^[@ref30],[@ref31]^ It should be noted that 1 μs presents an adequate amount of time for PS lipids to reorganize in the POPC/POPS bilayer under these conditions,^[@ref30],[@ref35]^ although the simulations may not be completely converged for the more rapid reorientational transitions and some hysteresis could be present.

![Interfaces of the K-Ras4B--membrane and C-Raf--membrane interactions. (a) Frequency of K-Ras4B--membrane contacts (residues within 5 Å of membrane surface); position of helices 3--5 is indicated. Inset images show two major orientations of complex relative to the membrane. (b) Frequency of C-Raf--membrane contacts. The region, res. 143--150, is indicated in blue. Inset images: representative orientations of RBD and CRD at the membrane. (c) POPS distribution at the membrane. The distribution is normalized to make the maximum 100%. K-Ras4B CD1 is centered at (0, 0); the horizontal displacement between the center of mass of K-Ras4B CD1 and that of C-Raf RBD is aligned to the *x*-axis. The last 500 ns of the trajectories were used in these analyses.](oc-2017-00593z_0004){#fig4}

Interface of the C-Raf:Membrane Interaction {#sec2.5}
-------------------------------------------

As for C-Raf, only a few residues of the RBD (res. 56--132) can contact the membrane ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), when bound to K-Ras. But the RBD--membrane contact frequency is rather low with the largest occupancy about 8.1% and 7.7% for E104 and H105, respectively. The most prominent membrane contacts involve residues in the CRD. Almost all of the residues in the CRD (res. 138--187) are able to contact the membrane more or less equally, except for a few residues hidden inside the folded conformation such as residues around V180 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The CRD--membrane interaction is driven by both hydrophobic and by electrostatic contacts. The CRD can become partially buried into the membrane (most notably in simulation \#1), with hydrophobic residues L147, L149, L159, and L160 largely buried into the membrane. The same region is also predicted as membrane inserted by the OPM (Orientations of Proteins in Membranes) Web server.^[@ref36]^ Positively charged residues including R143, K144, K148, K157, and R164 also interact with the lipid bilayer, which is consistent with an experiment-based report that the 143-RKTFLKLA-150 segment of the CRD has a role in membrane binding.^[@ref24]^ In addition, cation-π interactions established between F146, F158, and especially F151 and W187 and the nitrogen of the lipid headgroup ([Figure S6a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)), as well as hydrogen bonding interactions between residues T145, Q156, and N161 ([Figure S6b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)) also aid the membrane adhesion of the CRD.

Configurations of the C-Raf--K-Ras4B Complex at the Membrane {#sec2.6}
------------------------------------------------------------

The configurations of the C-Raf--K-Ras4B complex with respect to the lipid bilayer are further characterized using several geometric parameters as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the distance of the K-Ras4B catalytic subdomain (CD2) to the membrane center is plotted versus the distance of the CRD to the membrane center, mapped over all five simulations. In one dominant conformation the CRD is away from the membrane and the K-Ras4B CD2 is bound to the membrane (6--8 nm and 3.5 nm, respectively). In contrast, another dominant conformation corresponds to the CRD approaching the membrane, with K-Ras CD2 pointing away from it (3--3.5 nm and 4.5--5.5 nm, respectively). Otherwise, there are instances when none of the domains are in contact with the membrane and times when both the K-Ras4B catalytic-domain and C-Raf CRD regions are close to the membrane (∼3.5 nm, ∼3.7 nm, respectively), although such instances are rare. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b plots another pair of parameters that characterize the relative position and orientation of the RBD and the K-Ras4B CD1 regions. Again, two orientations dominate: one with the RBD--K-Ras4B CD1 at ∼5.3 nm from the membrane center and with the RBD slanting upward (tilt angle centered at ∼50°); another represents a position tilted at around 95° and is centered at ∼4.2 nm. Unbound states can also be identified where the RBD--K-Ras4B^CD1^ is far away from the membrane and is almost parallel with the membrane surface. Overall, we classify the well populated configurations of the C-Raf--K-Ras4B complex at the membrane into four possible states based on the variables D1 and D2 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Representative conformations for these four states are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. The first two states (CRD+/RAS- and CRD-/RAS+) represent the most dominant configurations for the complex. Moreover, there are large overlaps between different simulations (especially simulation \#2 to \#5, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Thus, different states can interconvert to each other, suggesting an inherent dynamics of the protein complex unit with respect to the membrane.

![Configurations of the C-Raf--K-Ras4B complex at the membrane. The variables are defined as follows: D1, distance of K-Ras4B CD2, and D2, distance of CRD to membrane center, respectively. D, distance between the center of RBD--K-Ras4B^CD1^ and membrane center. V1, vector connecting the center of K-Ras4B CD1 to center of the RBD. θ, cross angle between vector V1 and normal to the membrane surface. K-Ras4B CD1, CD2, RBD, CRD in cyan, blue, orange, and red, respectively. (a) Contour maps (scaled to max.) with variables D1 versus D2. (b) D versus θ. (c) Representative configurations for the four possible states of the C-Raf--K-Ras4B complex. +/− denotes whether the domain binds the membrane or not.](oc-2017-00593z_0005){#fig5}

Incompatibility of CRD (143-RKTFLKLAF-151) and K-Ras4B (Helix 3 and 4) in Making Membrane Contacts {#sec2.7}
--------------------------------------------------------------------------------------------------

It is apparent that the C-Raf CRD and K-Ras4B catalytic-domain contact the membrane mostly in a mutually exclusive manner. The non-cooperative mechanism is largely determined by the topology of C-Raf--K-Ras4B complex. As shown above, the most favorable membrane interaction interfaces are seen as residues 143-RKTFLKLAF-151 for the CRD and helix 3 and 4 for K-Ras4B, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). However, when helix 3 and helix 4 of K-Ras4B contact the membrane, the RBD as the counterpart of K-Ras4B is moved away from the membrane with a slant angle at ∼50° ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The calculated radius of gyration for the K-Ras catalytic domain, RBD, and CRD are 1.5, 1.2, and 1.1 nm respectively (the physical radius is even slightly larger). The distance between the center of the K-Ras catalytic domain and the C-Raf RBD is about 2.8 nm and between center of RBD and CRD is averaged at 2.9 nm. On the basis of the slant angle and the size of these domains, the RBD is at least 3.6 nm away from the membrane surface. Although the CRD has a considerable freedom to adopt multiple orientations relative to the RBD, none of them enable the CRD to reach the membrane without rotating the K-Ras domain, as the maximal length of the linker plus the CRD is estimated at 2.8 nm (2.9--1.2 + 1.1 nm, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). Therefore, the most favorable membrane-associated state for CRD (143-RKTFLKLAF-151) and K-Ras4B (helix 3 and 4) cannot coexist. [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf) further discusses the opposite situation when CRD is bound to the membrane, yielding the same outcome. Overall, the C-Raf--K-Ras4B complex may either use 143-RKTFLKLAF-151 of CRD (state 1) or alternatively use helix 3 and helix 4 of K-Ras4B (state 2) to interact with the membrane. In state 3, both K-Ras4B and CRD are close to the membrane, but the complex is not using the 143-RKTFLKLAF-151 region of the CRD and helices 3, 4 of K-Ras4B together in membrane contact, and instead each use other, less favorable contacts with the membrane.

![Tug of war between K-Ras4B and C-Raf CRD membrane interactions. (a) Schematic picture of steric/geometric limitations of the C-Raf--K-Ras4B complex in different states (here state 2; see [Supporting Information, Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf) for state 1). (b) Potential of mean force, PMF, for K-Ras4B and CRD binding to the model membrane.](oc-2017-00593z_0006){#fig6}

Free Energy of K-Ras4B and C-Raf CRD Membrane Adhesion {#sec2.8}
------------------------------------------------------

We estimate the binding affinity of monomeric C-Raf CRD and monomeric unlipidated K-Ras4B to the model membrane by calculating the [p]{.ul}otential of [m]{.ul}ean [f]{.ul}orce (PMF) along a path of membrane (un)binding using the most favorable domain orientation in each case ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, see [Method](#sec4){ref-type="other"}). The free energy calculated for monomeric subdomains is not the exact free energy corresponding to state 1 and state 2 of the protein complex, but their calculation provides a rough free energy estimate for these states. The calculated PMF is −5.3 ± 1.1 kcal/mol for K-Ras4B and −6.5 ± 1.0 kcal/mol for the CRD binding to the membrane. Using microscale thermophoresis (MST) experiments, for a full-length unlipidated K-Ras4B binding to a membrane comprised of POPC and 5% PIP2 molecules, we measured *K*~d~ at 23.4 μM (Δ*G* = −6.31 kcal/Mol) at 298 K (manuscript in preparation). In the experiment of Gillette et al., a *K*~d~ was measured as 4.0 μM for lipidated K-Ras4B binding to nanodiscs mixed with DMPC (1,2-Dimyristoyl-sn-glycero-3-phosphorylcholine) and 30% DMPS (2,3-Bis(sulfanyl)propane-1-sulfonic acid).^[@ref37]^ Thus, while difficult to simulate, lipid anchoring into the membrane via the farnesyl group likely has a favorable effect on the binding affinity of the catalytic domain to the membrane as well. No experimental *K*~d~ value for CRD binding to the membrane has been reported, but binding to liposomes suggests that the *K*~d~ should be at least 20 μM.^[@ref31]^ The binding free energy predicted by the OPM server of −7.31 kcal/mol is larger than the value we estimate. Experimental measurements of the binding affinity of the CRD to the membrane are needed in the future. On the basis of our PMF calculation, the CRD could have a slight, but not an overwhelming advantage in membrane adhesion compared to the K-Ras4B catalytic domain.

Discussion {#sec3}
==========

Structural preferences and dynamics of protein complexes at membranes are still a relatively new terrain for discovery. Several studies have examined the orientation and dynamics of isolated K-Ras at membranes,^[@ref4],[@ref28]−[@ref31]^ but there are as yet no simulations of the C-Raf--K-Ras complex at membranes. In this study, we performed multiple μs long all-atom MD simulation for the two-domain fragment C-Raf^RBD-CRD^ (denoted C-Raf) when bound to K-Ras4B at an anionic membrane. One might expect that additional interactions, such as possible direct interactions between the C-Raf CRD and K-Ras4B catalytic domains, would substantially increase this affinity via synergistic effects. In fact, this is frequently seen with cell signaling proteins, such as the interactions between WASP, Cdc42, and the membrane, which utilize multiple interactions in a cooperative manner to maximize the signaling output while minimizing output in the absence of coincident input signals.^[@ref38],[@ref39]^ However, this is not the mechanism predicted by the calculations here. Importantly, our study predicts a novel competitive mechanism between membrane adhesion of the K-Ras4B catalytic domain and C-Raf CRD of the protein complex ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). We are able to rationalize the behavior of this system by considering both the geometric features of the domains within the complex ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) as well as by the estimation of their binding affinity with the membrane ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). While no experimental structural or biophysical data are available at present for a C-Raf RBD or CRD containing multidomain protein fragment binding to Ras, importantly, a relatively tight Ras--Raf RBD association was reported with a *K*~d~ of 20 nM.^[@ref21]^ By contrast the *K*~d~ for both Ras catalytic domain-membrane and Raf CRD--membrane interactions are estimated at 10 to hundreds of μM from our simulations. Thus, membrane binding of the K-Ras4B catalytic domain and of the C-Raf CRD by themselves is only moderately strong, overall consistent with experimental data. Such a modest affinity is typically associated with cell signaling processes where interactions are kinetically labile, with the dissociation rate, *k*~off~ ≈ *K*~d~, and thus, such interactions are quick to separate and to switch off. An intrinsically modest affinity gives K-Ras more freedom to interact with multiple regulatory and effectors proteins. Even such interactions may enhance the binding affinity but not lead to "tightly frozen" protein--membrane complexes. Thus, we believe that the modest Raf- and K-Ras CD--membrane interactions likely have an important role in the regulation of the biological function of K-Ras4B and other protein--Ras complexes at membranes.

Our study implies that Raf--Ras interactions as well as the Ras CD- and CRD--membrane contacts are highly conserved ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). Specifically all K-, H and N-Ras are sequence invariant for the first 86 residues, parts of which comprise the contact region with the RBD. On the side of the RBD, res. 65--70 as well as K84, R89 are identical between B- and C-Raf. The region of residues 143--151 of the CRD primarily responsible for membrane interactions is also identical across many mammalian species ([Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). The extent of conservation of Ras--membrane interaction sites is also high across the catalytic domains of Ras isoforms.^[@ref40]^ Concerning the RBD-linker-CRD region of the protein, it is informative to put our simulation results in context of sequence conservation of this Raf protein segment and also with respect to cancer mutations ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf) shows the alignment of C-Raf with A- and B-Raf homologues and discusses several mutations). Importantly, the linker region between the RBD and CRD is not changed in length, either between isoforms or between mammalian species ([Figure S9a-b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf)). The sequence differs between B-Raf and C-Raf in the linker with the change D132E and H133N (C-Raf numbering), but these changes are not dramatic. This suggests that the geometric restrictions we observe are likely conserved also between the Raf isoforms, including between the mammalian species.

A segment of residues 143-RKTFLKLAF-151 was found to be responsible for membrane binding of the CRD. Mutagenesis of R143Q or R143W as well as K144E suggested that the positive charge on these residues is critical for maintaining an autoinhibited state with the N-terminal of C-Raf (RBD-CRD) binding to the C-Raf kinase domain.^[@ref41]^ Therefore, while RBD association with Ras.GTP is likely a major factor for releasing the self-inhibited state of C-Raf, the membrane binding of the 143--151 segment may be another positive factor for inducing or maintaining the open conformation of C-Raf. However, since we did not include the C-Raf kinase domain in our study, we cannot comment on whether the mutations have a stronger effect on weakening the autoinhibited state, compared to possibly weakening CRD--membrane binding.

It is accepted that Ras activity in cells requires its localization to the membrane. Ras clustering is an undisputed observation,^[@ref26]−[@ref28]^ but the role of catalytic domain contacts in Ras dimerization in solution and at the membrane is not yet clear. Recently, symmetric Ras--Ras dimers have been predicted through molecular docking, although they mainly represents a weak association (*K*~d~ ranges from 1 μM to greater than mM).^[@ref42],[@ref43]^ A recent study of Ambrogio et al. showed that disruption of Ras dimerization attenuates the Ras signal pathway and oncogenic activity of mutant K-Ras.^[@ref44]^ A similar inhibition was also observed when a designed monobody, NS1, was introduced into the cells. The monobody associates with the catalytic domain of Ras competitively against Ras dimerization.^[@ref45]^ Both studies suggested that Ras dimerization occurs via helices 4 and 5. However, recent experiments showed, by contrast, that K-Ras4B lacks an intrinsic ability to dimerize at a supported lipid bilayer.^[@ref46]^ This may indicate that some other factors in the cell, such as the Raf kinase domain or other proteins, may aid Ras dimerization. Still, as inference from our modeling and simulation study we notice that the predicted configurational state 2 of C-Raf--K-Ras4B does not match any of the predicted dimer forms of Ras ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). But state 1 and of course, the non-membrane binding state 4 are suitable for the formation of Ras dimers, due to the exposure of helix 3, helix 4, and less so of helix 5 of K-Ras4B ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) which are thought to comprise the dimer interface. However, in this case optimal K-Ras catalytic domain membrane binding and dimerization would also oppose one another. Nevertheless, CRD--membrane interactions may help to orient the GTPase at the membrane for improved dimerization kinetics, and depending on K-Ras vs C-Raf concentration, could stimulate K-Ras dimer formation. Formation of a K-Ras dimer could then bring the distal kinase domain of two Raf proteins sterically close to each other, hence stimulating also Raf dimerization. The activation of Raf probably involves a series of sequential processes (Ras.GTP binding through RBD, membrane binding of CRD, Ras dimerization, and Raf dimerization at distal kinase domain as well as possible Raf kinase domain membrane binding^[@ref47]^), which will require in-depth studies. We are currently working on modeling possible higher order C-Raf--K-Ras complexes, but the added complexity is beyond the scope of this report.

Finally, the findings of our study also have general implications for cell signaling involving protein complexes at the cellular membrane. From other examples it is becoming clear that the membrane actively participates in the regulation of peripheral membrane protein function.^[@ref1]−[@ref9],[@ref48]^ However, the protein--membrane interactions typically synergize for protein localization at membranes. Alternatively, protein--membrane interactions can compete with protein--protein interactions. For example, the membrane adhesion of scaffold protein-Ste5 could release an autoinhibition between its two domains.^[@ref49]^ Another example is the focal adhesion kinase, where both kinase and FERM domains can interact with PIP2 in membranes, leading to a separation of these two protein domains, then allowing the kinase domains to dimerize and activate.^[@ref50]^ Here, we have found an example for a third type of mechanism involving a membrane peripheral protein complex: in this case, the domains are in competition with respect to their individual interactions with the membrane. Since their protein--protein interaction is stronger than the protein--lipid interactions, a "tug of war" is set up, yielding two configurations of the protein complex at the membrane. The study here reveals this mechanism at molecular level, further adding to the repertoire of signal processes by utilizing multidomain or multiprotein peripheral membrane protein complexes.

Method Summary {#sec4}
==============

The model of C-Raf^RBD-CRD^ was built by connecting the crystal structures of the C-Raf RBD (PDB, 4G0N)^[@ref18]^ and C-Raf CRD (PDB, 1FAQ)^[@ref25]^ with the native linker. The C-Raf^RBD-CRD^--K-Ras4B complex was further built by docking the modeled C-Raf^RBD-CRD^ structure and to the crystal structure of K-Ras4B (PDB, 4DSO), with reference to the crystal structure of H-Ras bound with the C-Raf RBD (PDB, 4G0N).^[@ref18]^ The system was placed at a membrane containing 80% POPC (1-Palmitoyl-2-oleoylphosphatidylcholine) and 20% POPS (1-Palmitoyl-2-oleoylphosphatidylserine) (same ratio as in refs ([@ref4], [@ref30], [@ref31], [@ref46])). Five independent simulations were performed each for 1 μs. Umbrella sampling simulations were performed to calculate the free energy of CRD and K-Ras4B binding to the membrane. The CHARMM36m force field was used in all simulations and energy calculations.^[@ref51]^

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.7b00593](http://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00593).Detailed methods, data analyses with associated figures and tables ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00593/suppl_file/oc7b00593_si_001.pdf))

Supplementary Material
======================

###### 

oc7b00593_si_001.pdf

Z.L.L. and M.B. conceived and designed the study with P.P contributing simulation \#6; Z.L.L. and P.P. performed the simulations; Z.L.L., P.P. and M.B. analyzed the data; Z.L.L., P.P. and M.B. wrote the manuscript.

The authors declare no competing financial interest.

This work is supported by NIGMS Grant R01GM112491 to the Buck lab; P.P. is supported by Cancer Prevention and Research Institute of Texas (CPRIT No. DP150093). We thank A. A. Gorfe for helpful discussion and the Ohio Super Computer center located in Columbus, Texas Advanced Computing Center (TACC), and the Extreme Science and Engineering Discovery Environment (XSEDE; Project MCB150054) for computational resources. Anton2 Computer time was provided by the Pittsburgh Supercomputing Center (PSC) through Grant R01GM116961 from the National Institutes of Health.
